of miR-124 and miR-141 in the regulation of vascular reactivity and the relationship to RhoA and Rac1 after hemorrhage and hypoxia.
MANY STUDIES HAVE DEMONSTRATED that vascular hyporeactivity has an important role in hypoperfusion of tissues and organs after severe trauma and shock (14) . Our previous studies found that the contractile responses of vascular smooth muscle cells (VSMCs) were damaged after severe hemorrhage or hypoxia (15) . Hemorrhage and hypoxia-induced vascular hyporeactivity severely interfere with the treatment and outcome of severe trauma, shock, and sepsis. Studies have proposed that this vascular contractile dysfunction after shock or hypoxia is related to receptor desensitization, membrane hyperpolarization, and calcium desensitization of VSMCs (26, 27) , but the precise mechanism of this dysfunction is far from being elucidated.
Studies have demonstrated that manipulation of the expression or function of microRNAs (miRNAs) can regulate cellular phenotypes. Abnormal expression of various miRNAs has been observed in the regulation of vascular function (1, 31) . For example, miR-145 participates in the regulation of VSMC contractility, and removal of miR-145 reduces the increase in systolic pressure in response to angiotensin II (1) . Whether the dysfunction in vascular contraction (vascular reactivity) after hypoxia and shock is related to miRNAs is not clear.
Studies have shown that hypoxia can induce many changes in miRNAs in many organs and tissues associated with the occurrence and development of many diseases (4, 8, 20) . Saito et al. (19) found that expression of the miR-130 family (miR130a and miR-130b) is elevated in human HEK293 kidney cells after hypoxia stimulation. In addition, expression of miR-155 is upregulated in mouse intestine during hypoxia (4) . Whether hypoxia or hemorrhage can affect expression of miRNAs in blood vessels and whether these miRNAs take part in the regulation of vascular reactivity are not known.
Using hypoxia-treated superior mesenteric arteries (SMAs) and VSMCs of rats subjected to hemorrhagic shock in the present study, we observed the regulatory effects of miR-124/ miR-141 on vascular reactivity, their relationship to RhoA and Rac1, and the mutual regulation of miR-124 and miR-141.
MATERIALS AND METHODS

Ethical Approval
The 
Experimental Protocol and Method
Superior mesenteric arteries. SMAs were obtained from normal Sprague-Dawley rats (half were male, half were female). After connective tissue was removed, each SMA was cut into two 2-to 3-mm-long arterial rings. After hypoxia treatment, one ring was used to measure vascular contractile responses and another was used to measure miRNA expression by an miRNA-351 array. On the basis of miRNA array results, changes in miR-124 and miR-141 were further tested using the TaqMan microRNA measurement method (17) .
HYPOXIA PROCEDURE. SMAs were placed into a hypoxia culture compartment (Clampco, Wadsworth, OH) that was bubbled with 95% N 2-5% CO2 at 10 l/min for 15 min and then allowed to equilibrate for 10 min. This procedure was repeated thrice until the O 2 concentration in the hypoxia culture compartment was Ͻ0.2%, and this level was maintained for the required time (10 min or 1, 2, 4, or 8 h) (13) . O 2 concentration was measured using a gas chromatograph (GC17A, Shimadzu, Japan). TAT GGT TGC TTC TTC GGG GAT G  STAT-1  Forward: CTC CCG ATT TTT CCC GTA TAC C  Reverse: TGC TGC CAC TAC TGC TTC CAT T  miR141  Nrf2  Forward: CCA TTG AGG GCT GTG ATC TGT C  Reverse: GGC TGT GCT TTA GGT CCA TTC T  CREB  Forward: CCA TTG CCC CTG GAG TTG TTA T  Reverse: CTC TTG CTG CTT CCC TGT TCT T  OCT-1 Forward: TGG AAA TGA CTT CAG CCA AAC C Reverse: CCT CCT ACG ATT CAA GCC CTC A ATF1 Forward: AGA CCT ACC AGA TCC GTA CCA CAC Reverse: TCG GTT CTC CAG GCA CTT CAC S8 Forward: CTA CCA CAA GAA GCG GAA GTA TGA Reverse: TGC GAG TAC AAC ACT CTG AGC C YY1 Forward: GAG GGA TAC CTG GCA TTG ACC T Reverse: GGC AAG CTA TTG TTC TTG GAG C GATA1 Forward: CTG CTC AAC AGT ATG GAG GGA A Reverse: GGT GAC ACG GAG TGA TGT AGG C KLF4 Forward: GAA AGT GGT GGA GCT GGT GCA Reverse: GGT GGG ATA GCG AGT TGG AAA KLF5 Forward: CAC CTC CGT CCA ATG CTG CTA C Reverse: GCT TCT CCA GAT CCG GGT TAC T NF-B Forward: TCT GCA AGC TCT TGG AAA TTC CT Reverse: CCA TAA GAA GTT TTA GAA GGG GCG Hmx1
Forward: TCG CAG GCG CAG GTC TAT G Reverse: ACT TGT AGC CGC GGT TCT GG ATF1, activating transcription factor 1; CHOP, C/EBP homologous protein; CREB, cyclic AMP responsive element-binding protein; Egr-1, early growth response gene-1; GATA1, globin transcription factor 1; Hmx1, homeobox 1; KLF4, Kruppel-like factor 4; KLF5, Kruppel-like factor 5; MEL-1, myeloid elf-1-like factor-1; NF-1, nuclear factor-1; NF-B, nuclear factor-B; Nrf-2, nuclear factor erythroid-2-related factor 2; OCT-1, octamer-binding protein-1; SRF, serum response factor; STAT-1, signal transducer and activator of transcription-1; YY1, Yin Yang 1.
MEASUREMENT OF VASCULAR REACTIVITY OF SMAS. We used the procedures described in our previous study (16) to measure the vascular reactivity of SMAs. SMAs were cut into 2-to 3-mm-long rings and mounted on a tension transducer. Vascular reactivity of the rings to norepinephrine (NE) (1 ϫ 10 Ϫ10 to 1 ϫ 10 Ϫ4 mol/l) was measured in an organ bath by a Power Lab System via a force transducer (AD Instruments, Castle Hill, NSW, Australia). The concentration-response curve of NE and the maximal contractile tension (Emax) were used to reflect vascular reactivity.
MEASUREMENT OF MIR-124/MIR-141 IN SMAS AFTER HYPOXIA. To test the levels of miR-124 and miR-141, we used a TaqMan Small RNA Assays kit and TaqMan microRNA Reverse Transcription kit, which are considered the most sensitive and reliable methods for measuring miRNAs. To ensure measurement specificity, we used two-step RT-PCR (TaqMan Small RNA Assays) for quantification: 1) in the RT step, cDNA was reverse-transcribed from total RNA samples using a small RNA-specific, stem-loop RT primer from the TaqMan Small RNA Assays kit and reagents from the TaqMan MicroRNA Reverse Transcription kit; 2) in the PCR step, PCR products were amplified from cDNA samples using the TaqMan Small RNA Assays kit together with the TaqMan Universal PCR Master Mix II.
Hemorrhagic shock. CHANGE IN VASCULAR REACTIVITY FOL-LOWING HEMORRHAGIC SHOCK IN RATS. Male and female SpragueDawley rats (weight, 200 -250 g) were anesthetized with pentobarbital sodium (total, Յ50 mg/kg ip). Right femoral arteries and veins were catheterized with polyethylene catheters to monitor mean arterial pressure. After 20 -30 min of stabilization and after catheterization, rats were then hemorrhaged from the right femoral arterial catheter according to experimental design (20, 30, 40 , 50, or 60% of total blood; the total blood volume in rats is estimated to be 70 ml/kg). At the end of the procedure, rats were euthanized via an overdose of pentobarbital sodium (100 mg/kg iv) and SMAs were acquired to measure vascular reactivity (i.e., the contractile responses to NE) as described above. EFFECT VSMCs were obtained by enzymatic digestion of the mesenteric artery from normal rats. VSMCs from passages 3 to 5 were used for experiments. VSMCs were seeded in transwells and underwent hypoxia (10 min or 1, 2, 4, or 8 h) as described above. At each time point, the contractile response of VSMCs to NE was determined by observing the infiltration rate of FITC-labeled BSA through the transwell. Briefly, 5 l of FITC-BSA (4 mg/ml in total) and NE at a final concentration of 10 Ϫ5 mol/l were added into the upper compartment of the transwell at each time point after hypoxia. For the purpose of measuring fluorescence, medium (100 l) was collected from the lower compartment of the transwell at 5, 10, 20, 30, 45, 60, 75, 90, and 120 min after adding NE and FITC-BSA. Fresh medium (100 l) was supplemented into the lower compartment after each medium withdrawal. The infiltration rate of FITC-BSA was expressed as a percentage accounting for the total fluorescence added (14) . manufacturer's instructions. The plasmids for miR-124 and miR-141 were prepared using a Pzex-mr04 system. The sequences of miR-124 and miR-141 are listed in Table 1 . Transfection of the plasmids was carried out using Lipo-2000. The effectiveness of miR-124 and miR-141 overexpressed plasmid and their antisenses were tested. The contractile response of VSMCs to NE was determined as described above. Expressions of vascular contraction-related proteins including RhoA, Rac1, protein kinase C ␣ and ε (PKC␣ and PKCε, respectively), 17-kDa PKC inhibitor (CPI-17), zipper-interacting protein kinase (ZIPK), and intergrin-linked kinase (ILK) were determined by Western blot analysis [the antibodies RhoA and CPI-17 were from Sigma-Aldrich (St. Louis, MO), PKC␣ and PKCε were from Pierce (Rockford, IL), and Rac1, ILK, and ZIPK were from Abcam]. Second, we examined the effects of RhoA and Rac1 on the expression of miR-124 and miR-141. VSMCs in passages 3 to 5 were incubated with small interfering RNA (siRNA) of RhoA and Rac1 for 24 h (the siRNAs of RhoA and Rac1 are listed in Table. 1). Expressions of miR-124 and miR-141 were determined by PCR as described above.
Mechanism of miR-124/miR-141 regulation of RhoA and Rac1. EFFECTS OF MIR-124/MIR-141 ON MRNA EXPRESSIONS OF RHOA AND RAC1, AND
THE 3=-UNTRANSLATED REGION OF RHOA AND RAC1 MRNA. We used a Luceriferase assay to determine the effects of miR-124/miR-141 on mRNA expressions of RhoA and Rac1, and the 3=-untranslated region (UTR) of RhoA and Rac1 mRNA. Briefly, VSMCs were seeded in 24-well plates and transfected with miR-124/miR-141-overexpressed plasmid and incubated for 24 h. Luciferase reporter vector (0.5 ng psiCHECK vectors) and 20 ng of Renilla luciferase control vector were transfected using Lipofectamine LTX Reagent (Invitrogen, Carlsbad, CA). After another 24 h of incubation, VSMCs were lysed in lysis buffer. Lysates were assayed for firefly and pRL-Renilla luciferase activity using a Dual-Luciferase Reporter System (Promega, San Luis Obispo, CA) on a 20/20-nl luminometer (Promega). Firefly luciferase activity of individual samples was normalized to that of Renilla luciferase activity to correct the variations in transfection efficiency between samples. Each condition was tested in triplicate, and the entire experiment was repeated thrice. Expressions of RhoA and Rac1 mRNA were determined by PCR. The Table 3 . Changes in miRNAs in superior mesenteric arteries after hypoxia Briefly, 500 ng of gDNA was treated with conventional treatment conversion reagent at 98°C for 10 min and 64°C for 3 h, followed by purification and desulphonation. gDNA was eluted with an M-elution buffer and stored at Ϫ80°C. PCR primers were designed for bisulfite-converted DNA using MethPrimer for RhoA and Rac1. Primer specificity for bisulfite-converted DNA was verified by PCR amplification of methylated and unmethylated bisulfite-converted plasmid DNA. Target sequences were amplified with two rounds of the hot-start PCR reaction using nested primers with Red Taq Genomic DNA Polymerase (Sigma-Aldrich). Amplicons were purified using PCR affinity columns (QIAquick PCR Purification kit; Qiagen, Valencia, CA), subcloned into pCR2.1 (Invitrogen), transformed into Escherichia coli (DH5-␣), and grown on LB agar plates containing kanamycin with X-gal/IPTG blue/white selection. For each condition, Ն10 isolated colonies were selected and sequenced. Sequences were compiled and compared using the Quantification Tool for Methylation Analysis (http://quma.cdb.riken.jp/). Clones with Ͻ95% C¡T conversion of non-CpG cytosine residues were excluded from analyses based on incomplete conversion of bisulfite. For methylation analyses of samples, three biological replicates were assessed. MUTUAL REGULATION OF MIR-124 AND MIR-141. VSMCs from passages 3 to 5 were transfected with overexpressed miR-124 and miR-141 plasmids and their antisenses, respectively. Twenty-four hours later, the transfected VSMCs underwent 10 min or 8 h of hypoxia treatment. Expression of miR-124/miR-141 was determined.
The methods for VSMC transfection, hypoxia treatment, and measurement of miR-124/miR-141 expression were the same as those described above.
ROLE OF TRANSCRIPTION FACTORS IN MUTUAL REGULATION OF
MIR-124 AND MIR-141. Two experiments were performed. First, we determined the effects of miR-124 and miR-141 on the expression of their possible downstream transcription factors; their target transcription factors and primer sequences are listed in Table 2 . Second, we determined the antisenses of activating transcription factor 1 (ATF1), early growth response gene-1 (Egr-1), cyclic AMP responsive element (CRE)-binding protein (CREB), and nuclear factor erythroid 2-related factor 2 (Nrf2) and overexpressed Egr-1 or Nrf-2 plasmids on the expression of miR-124 and miR-141; sequences of these transcription factors are listed in Table 1 .
Statistical Analyses
Data are presented as means Ϯ SD of n observations. Differences between or among groups were analyzed by one-way or two-way ANOVA followed by the post hoc Tukey's test employing SPSS v15.0 (SPSS, Chicago, IL). P Ͻ 0.05 (two-tailed) was considered significant. The sample size in each group was estimated by power analysis on the basis of previous and pilot studies carried out by our research team.
RESULTS
Changes in Contractile Responses of SMAs and VSMCs, and Expressions of miRNAs After Hemorrhagic Shock and Hypoxia
The ontractile responses of SMAs and VSMCs to a vasoactive drug (i.e., NE) after hypoxia or hemorrhage showed biphasic changes: the responses increased after a short duration of hypoxia (10 min hypoxia) or less hemorrhage (20%) and decreased after a long duration of hypoxia (8 h hypoxia) or a large hemorrhage (Ͼ20% hemorrhage) (Fig. 1, A-E) . Among 351 miRNAs observed, 45 were altered more than twofold in SMAs compared with those of normal groups of rats after hypoxia (Table 3) . Expressions of miR-144, miR-140-3p, miR34c-3p, miR-106b, miR-139-5p, miR-140-5p, miR-138, miR-7, miR-124, and miR-34b were significantly increased, whereas expressions of miR-101, miR-132, let 7c, let7d, miR-125-5p, let7e, and let7i were significantly decreased after 10 min of hypoxia. Expressions of miR-19b, miR-145, miR-140-3p, miR-144, miR-155, miR-34a, miR-34c-3p, miR-7, and miR-141 were significantly increased, whereas expressions of miR-27b, miR-210, miR-26a, miR-124, miR-15a, let7i, miR-98, miR-105, and miR-125-5p were significantly decreased after hypoxia for 8 h (Table 3) . Among all miRNAs observed in the present study, expression levels of miR-141 and miR-124 changed the most (Fig. 1F) . The change in miR-141 level was negatively correlated with the contractile responses of SMAs after hypoxia, whereas the change in miR-124 was positively correlated with the contractile responses of SMAs.
In vivo experiments showed that administration of miR-124 antisense decreased the vascular reactivity at an early phase of shock, whereas miR-141 antisense improved vascular reactivity in the late phase of shock in rats undergoing hemorrhagic shock (Fig. 1, G and H) .
Role of miR-124 and miR-141 in Regulation of Vascular Contractile Responses of VSMCs After Hypoxia
An efficiency test showed that the overexpressed plasmids of miR-124 and miR-141 and their antisenses were effective because miR-124 and miR-141 overexpressed plasmids led to a significant increase in expression levels of miR-124 and miR-141 by 4.56 and 5.65 times, respectively, and their antisenses resulted in decreased expression levels of miR-124 and miR-141 by 6.98 and 6.04 times, respectively (Fig. 2, A and B) . Altering the expressions of miR-124 or miR-141 led to a significant change in the contractile responses of VSMCs. Under normal conditions, overexpressed levels of miR-124 lead to an increase in the contractile responses of VSMCs, and it appeared that the infiltration rate of FITC-labeled BSA in VSMCs was significantly increased. Overexpressed miR-141 led to a significant decrease in the contractile responses of VSMCs (the infiltration rate of FITC-labeled BSA in VSMCs was significantly decreased). In contrast, inhibition of the expression of miR-141 increased the contractile responses of VSMCs, and inhibition of miR-124 expression decreased contractile responses (Fig. 2C) . Under conditions of hypoxia, alteration of the expression levels of miR-124 or miR-141 led to a change in the contractile responses of VSMCs. Overexpressed miR-141 or inhibition of miR-124 expression abolished the transient hypoxia-induced increases in VSMC contractile responses, whereas inhibition of miR-141 or overexpressed miR-124 plasmid antagonized long-term hypoxia-induced decreases in VSMC contractile responses (Fig. 2, D and E) . These results suggest that miR-124 and miR-141 play important roles in the regulation of the contractile function of VSMCs after hypoxia.
Regulatory Effects of miR-124 and miR-141 on Expressions of Vascular Contraction-Related Proteins
Overexpressed levels of miR-124 and miR-141 or their antisenses did not affect expression levels of the proteins PKC␣, PKCε, CPI-17, ZIPK, or ILK in VSMCs, whereas they did affect levels of RhoA and Rac1. Overexpressed miR-124 led to a significant increase in expression of the protein Rac1 and a decrease in expression of the protein RhoA. In contrast, overexpressed miR-141 led to a significant reduction in Rac1 expression and an increase in RhoA expression (Fig. 3, A-C) . Further study showed that inhibition of RhoA or Rac1 with siRNA did not change the expression levels of miR-124 or miR-141 (Fig. 3D) . Interference efficiency showed that RhoA or Rac1 siRNA significantly inhibited the mRNA expressions of RhoA or Rac1 (data not shown). These results indicate that miR-124 and miR-141 regulation of vascular contractile response after hypoxia is related to RhoA and Rac1. RhoA and Rac1 do not have a feedback regulation on miR-124 and miR-141.
Effect of miR-124 and miR-141 Upon RhoA and Rac1 mRNA 3=-UTR and DNA Methylation
The luciferase assay showed that miR-124 may act on the 3=-UTR of Rac1 mRNA but not act on the RhoA mRNA 3=-UTR. In contrast, miR-141 may act on the RhoA mRNA 3=-UTR but not on the Rac1 mRNA 3=-UTR (Fig. 4, A-D) . Overexpressed miR-124 and miR-141 did not affect the mRNA expressions of RhoA and Rac1 (Fig. 4, E and F) . This suggests that miR-124/ miR-141 regulation of expression of RhoA and Rac1 does not occur at the mRNA level.
According to bioinformatic analyses (http://genome.ucsc.edu/cgi-bin/hgTracks), the Rac1 promoter has many CpG islands. Our methylation assay found that the DNA methylation level of Rac1 was not significantly altered after hypoxia (8 h). Overexpressed miR-124 and miR-141 did not alter the level of Rac1 DNA methylation (Fig. 4G) . The RhoA promoter does not have a CpG island (i.e., RhoA DNA methylation is not detectable). 
Mutual Regulation of miR-124 and miR-141
The results detailed above suggest that miR-124/miR-141 alteration of the protein expressions of RhoA and Rac1 may not occur through the regulation of mRNA and DNA methylation levels. Whether this occurs through the mutual regulation between miR-124 and miR-141 is not known. Our results showed that overexpressed miR-124 led to a decrease in the expression of miR-141 in VSMCs under normal conditions, and at 10 min or 8 h of hypoxia, and the antisense of miR-124 led to an increase in the expression of miR-141. In contrast, overexpressed miR-141 led to a decreased expression of miR-124 in VSMCs, but its antisense led to an increased expression of miR-124 under normal conditions, and at 10 min or 8 h of hypoxia (Fig. 5) . These results suggest that miR-124 and miR-141 have mutual regulation.
Role of Transcription Factors in the Mutual Regulation of miR-124 and miR-141
According to bioinformatic analysis, the possible target transcription factors of miR-124 include Nrf2, CREB, Egr-1, nuclear factor-1 (NF-1), C/EBP homologous protein (CHOP), serum response factor (SRF), octamer-binding protein-1 (OCT-1), myeloid elf-1-like factor-1 (MEL-1), and signal transducer and activator of transcription-1 (STAT-1), and the possible target transcription factors of miR-141 include Nrf2, CREB, OCT-1, ATF1, S8, Yin Yang 1 (YY1), globin transcription factor 1 (GATA1), Krüppel-like factor-4 (KLF4), Krüppel-like factor 5 (KLF5), nuclear factor-B (NF-B), and homeobox 1 (Hmx1). The present study demonstrated that overexpressed miR-124 led to a decrease in the mRNA expressions of Egr-1 and CREB-1, whereas overexpressed miR-141 led to a decrease in the mRNA expressions of ATF-1 and Nrf-2 (Fig. 6, A-C) . Further study showed that inhibition of Egr-1 with the antisense decreased the expression of miR-141, and inhibition of Nrf-2 with the antisense decreased the expression of miR-124. Overexpressed Nrf-2 or Egr-1 rescued the effects of inhibition of Nrf-2 or Egr-1 on miR-124 and miR-141 (Fig.  6, D and E) . These results suggest that miR-124 inhibits the expression of miR-141 possibly via transcription factor Egr-1 and that miR-141 inhibits the expression of miR-124 possibly via transcript factor Nrf-2 (Fig. 6) .
DISCUSSION
The present study found that vascular contractile response after hypoxia and hemorrhage showed biphasic changes in vitro and in vivo. It was increased after short-term hypoxia or hemorrhage and decreased after long-term hypoxia or hemorrhage. Changes in 45 miRNAs in VSMCs after hypoxia were noted. Among those miRNAs that were changed, miR-141 and miR-124 were the most significantly changed and were nega- took part in the regulation of vascular reactivity through modulating the protein expression of RhoA and Rac1 (Fig. 7) .
Since the first report implicating miRNAs in cardiovascular disease were published in 2006, many miRNAs have been shown to correlate with the development of cardiovascular disease in mice and humans (3, 16, 24, 29) . Studies have shown that expressions of miR-23 and miR-27 were upregulated during the normal development of retinal blood vessels and in response to laser-induced choroidal neovascularization (31) . Clusters of miR-143/miR-145 are located in VSMCs, and deletion of these clusters can affect VSMC contractility and blood pressure (7, 25) . Anti-miR-145 led to reduced pulmonary vascular remodeling in response to hypoxia (5) . For the first time, the present study found that miR-124 and miR-141 participate in the regulation of vascular reactivity following hypoxia and hemorrhagic shock. Alteration of the expressions of miR-124 and miR-141 with their overexpressed plasmids and antisenses abolished the damage to hypoxia-induced vascular contractile response. This finding provides a new basis on which to treat hypoxia or shock-induced vascular hyporeactivity, the key complication of many critical illnesses such severe trauma, shock, sepsis, multiple organ dysfunction syndrome, and others (11, 12) . Nevertheless, whether other miRNAs that changed after hypoxia are involved in the regulation of hypoxia-induced vascular contractile dysfunction needs further investigation.
Some studies have demonstrated that miR-124 and miR-141 have been implicated in the occurrence and development of cancer and ischemia-reperfusion injury. For example, Li et al. (13) found that expression of miR-124 was significantly decreased in breast cancer cell lines and human specimens compared with normal cell lines and paired adjacent normal tissues, respectively. It has also been associated with stage of tumor node metastasis and metastasis to lymph nodes. Zhu et al. (32) demonstrated that expression of miR-141 in pancreatic ductal adenocarcinoma tissues was significantly lower than that in corresponding nontumorous tissues, and low expression of miR-141 has been significantly correlated with shorter overall survival and prognosis of pancreatic ductal adenocarcinoma. The present study demonstrated that miR-124 and miR-141 were involved in the regulation of vascular reactivity after hypoxia and hemorrhage. miR-124 was associated with an upregulation of vascular reactivity after hypoxia, whereas miR-141 was negatively associated with regulation of vascular reactivity.
Our previous studies showed that calcium desensitization plays an important role in vascular hyporeactivity after severe trauma and shock. RhoA, Rac1, PKC␣, PKCε, CPI-17, ZIPK, and ILK are the important regulatory molecules in vascular reactivity and calcium sensitivity after hypoxia or hemorrhage (14, 15, 26, 27) . The present study found that upregulation or downregulation of miR-124 and miR-141 led to a significant change in the expressions of RhoA and Rac1. Basic research has demonstrated that miRNAs regulate the protein expression of their target genes possibly through gene transcription or posttranscription regulation (23) , or via DNA methylation of target genes (28) . The present study found that miR-124/miR-141 regulation of RhoA and Rac1 protein expression did not occur by affecting the mRNA expression of RhoA and Rac1 or by DNA methylation. We suggest that regulation of expression of RhoA and Rac1 by miR-124/miR-141 does not occur at the transcription level and speculate that it may occur the at posttranscription level, such as through translation or another mechanism. The precise mechanism for this needs further investigation.
In addition, we further investigated the mutual regulation of miR-124 and miR-141 and that relationship to associated transcription factors. The results demonstrated that miR-124 inhibited the expression of miR-141, whereas miR-141 inhibited the expression of miR-124. Furthermore, miR-141 inhibited the expression of miR-124 mainly via Nrf-2 and, in turn, miR-124 inhibited miR-141 expression mainly via Egr-1. Taken together, results of the present study suggest that miR-124/miR-141 regulation of vascular reactivity following shock may occur through the regulation of protein expressions of RhoA and Rac1. miR-124 regulates Rac1 possibly by itself or via miR-141 to regulate RhoA, and miR-141 regulates RhoA possibly by itself or via miR-124 to regulate Rac1 (Fig. 7) .
Many studies have demonstrated that hypoxia can affect miRNAs in many ways, including transcription, maturation, and function (18, 21, 30) , although the precise mechanisms for this are not clear. Some studies have shown that hypoxiainducible factor (HIF) has important regulatory effects on miRNAs. Studies have shown that high expression of HIF after hypoxia led to a direct increase in the expression of miR-103, miR-210, and miR-213. HIF can directly bind and activate the hypoxia response element in the promoters of miR-24-1, miR-26, and miR-181 (9, 10) . Some studies have found NF-B and p53 also participate in the biogenesis of miRNAs after hypoxia (4, 2, 6) . Of course, the precise mechanism via which hypoxia regulates miR-124 and miR-141 needs further investigation.
The present study had some limitations. First, the mechanism by which hypoxia or shock induced the expression of miR-124 and miR-141 was not elucidated. Second, the expression of 45 miRNAs were changed after hypoxia, and miR-124 and miR-141 were found to be significantly changed, and whether other miRNAs participate in regulation of hypoxia or hemorrhage-induced vascular contractile dysfunction is not clear. Third, the present study found that miR-124 and miR-141 regulate the protein expression of RhoA and Rac1, but they do not regulate the mRNA expressions of RhoA and Rac1, and the precise mechanism for this action of miR-124/miR-141 needs further investigation. Fourth, we only preliminarily investigated the in vivo effects of miR-124 and miR-141 on vascular reactivity, and whether miR-124 and miR-141 can be therapeutic targets of vascular contractile dysfunction after shock and hypoxia needs further investigation.
Conclusion
MicroRNAs participate in the regulation of vascular reactivity after hypoxia and hemorrhage. Important representatives of this are miR-124 and miR-141, which regulate vascular reactivity mainly through the regulation of protein expressions of RhoA and Rac1. Regulation of the protein expressions of RhoA and Rac1 by miR-124/miR-141 may occur at the posttranscription level, but the mechanism of this process needs further investigation. This finding provides potential targets for restoring vascular function in the treatment of some critical illnesses.
